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INTRODUCTION 


A  materials  characterization  and  failure  analysis  was  oerformed  on  a 
fatigue  testing  mandrel  that  failed  abruotly  in  service  after  a  total  of  only 
5061  cycles.  The  mandrel  was  reoortedlv  comoosed  of  marage  250  grade  steel,  and 
the  raw  material  was  soecified  to  be  delivered  in  the  solution-annealed  con¬ 
dition.  Subseguent  orocessing  was  to  include  rough  machining  to  the  aoDroximate 
mandrel  dimensions,  an  aging  treatment  at  900*F  for  four  hours,  and  finish 
machining. 

PROCEDURE 

The  failed  mandrel  was  examined  according  to  the  following  procedure-. 

1.  Magnetic  particle  inspection 

2.  Ultrasonic  testing 

3.  Stereoscopic/visual  examination 
A.  Measurement  of  radius 

5.  Chemical  analysis 

6.  Hardness  measurement 

7.  Microstructural  evaluation 

8.  Experimental  heat  treatments 

9.  Microhardness  measurement 

10.  Mechanical  property  testing 

a.  Tensile 

b.  Charpy  impact  toughness 

c.  Fracture  toughness  (Kj^) 

d.  Fatigue  crack  growth 

11.  X-ray  diffraction  analysis 

12.  Scanning  electron  microscopy/energy  dispersive  spectroscopy 
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RESULTS 


Magnetic  Particle  Inspection 

Magnetic  particle  examination  was  performed  on  both  mating  fracture  sur¬ 
faces  of  the  subject  mandrel,  as  well  as  the  entire  machined  surface,  as  shown  in 
Figure  1,  to  determine  the  presence  of  macroscopic  crack  indications.  No  indi¬ 
cations  were  found  along  the  outside  finish-machined  surface.  Large  indica¬ 
tions,  however,  were  discovered  along  the  outer  perimeter  of  the  fracture 
surface,  adjacent  to  the  finish-machined  circumferential  surfaces,  as  shown  in 
Figure  2a. 

Ultrasonic  Testing 

Ultrasonic  inspection  was  performed  on  the  machined  surfaces  of  mating 
mandrel  pieces  to  determine  the  existence  and  degree  of  any  surface  or  subsur¬ 
face  discontinuities.  No  additional  indications  were  discovered  by  this  test, 
nor  was  the  depth  of  the  indication  found  on  the  fracture  surface  determined. 
Stereoscopic/Visual  Examination 

A  visual  analysis  was  initially  performed  on  the  as-received  mandrel  as 
shown  in  Figures  1  through  2d.  The  fracture  surface,  which  was  then  cleaned 
with  acetone,  is  shown  in  the  post-cleaned  condition  in  Figures  3a  and  3b. 

Upon  general  inspection  by  both  visual  and  stereoscopic  means,  several 
prominent  surface  features  were  observed.  First,  as  shown  in  Figure  2a,  the 
overall  fracture  surface  appeared  to  be  divided  into  three  roughly  concentric 
rings:  a  relatively  smooth  outer  ring  of  3/8  inch  maximum  width  (Rl)  bounded  by 
the  finish-machined  surface  and  a  circumferential  indication,  then  a  slightly 
coarser,  shiny  ring  of  3/4  inch  maximum  width  (R2),  and  finally  the  inner  circle 
(R3)  of  3  3/4  inches  maximum  diameter,  noticeably  darker  in  color  and  covered 
with  ridges.  Located  between  R2  and  R3  were  two  cresent-shaped  indications 
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aDproximately  1/2  inch  by  2  inches  and  3/8  inch  by  1  1/4  inches,  as  shown  in 
Figure  3a.  Both  of  these  were  traced  by  the  directions  of  the  ridges  found  on 
the  surface  of  the  inner  circle,  as  illustrated  in  Figure  3b.  Also  shown  in 
this  figure  are  two  additional  niche-shaped  indications  of  approximately  1/4 
inch  by  1/4  inch  and  3/8  inch  by  1/4  inch  maximum,  which  were  discovered  in  R1 
along  the  finish-machined  surface.  As  seen  in  this  figure,  the  indications  were 
located  behind  the  large  crescent.  All  of  these  observations  are  characteristic 
features  commonly  associated  with  the  progressive  nature  of  fatigue  failures. 

In  order  to  determine  the  depth  of  the  circumferential  indication  exhibited 
in  Figure  2a.  it  was  necessary  to  divide  one  of  the  mating  fracture  surfaces  of 
the  mandrel  in  half.  Figures  4a  and  4b  show  the  longitudinal  plane  of  the  frac¬ 
ture  surface  that  clearly  identifies  the  circumferential  indication  as  a  crack. 
These  figures  also  show  the  depth  and  severity  of  this  crack.  In  addition,  the 
crack  was  measured  and  determined  to  extend  a  maximum  of  approximately  1  3/8 
inches  into  the  mandrel  at  a  45-degree  angle  to  the  transverse  plane.  Note  in 
Figure  4a  that  the  crack  extends  from  both  sides  of  the  fracture  surface,  and 
that  the  various  depths  of  this  crack  are  virtually  equal  to  the  deoth  of  the 
striated  region  of  the  primary  crack  leading  to  failure.  A  similar  secondary 
crack  exists  at  the  same  location  in  the  mating  half  of  the  mandrel,  which  also 
extends  at  45-degree  angles  from  the  fracture  surface  and  90-degree  angles  from 
the  previously  mentioned  secondary  crack. 

Measurement  of  Radius 

The  mandrel  fractured  at  the  sharpest  radius  point  as  shown  in  Figure  5. 
When  a  post-failure  inspection  was  performed  on  this  area,  the  radius  was 
measu, ed  and  the  average  was  determined  to  be  0.030  inch.  This  measurement, 
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although  within  specifications  of  0.03R  +  0.01,  was  at  the  low  end  of  the 
requirement,  making  this  radius  the  sharpest  acceptable  within  the  above  limits. 
Chemical  Analysis 

The  results  of  the  chemical  analysis  are  shown  in  Table  I.  All  values  are 
in  accordance  with  the  specifications  for  marage  250  steel  with  the  exceotion  of 
silicon.  A  value  slightly  in  excess  of  the  requirement  was  obtained.  However, 
this  deviation  is  considered  to  be  insignificant  and  within  the  limits  of 
experimental  error. 

Hardness  Measurement 

Rockwell  hardness  measurements  (HRC)  were  taken  across  the  entire  mandrel 
diameter.  Results  obtained  were  in  the  40  to  42  HRC  range,  which  was  signifi¬ 
cantly  lower  than  the  required  48  to  52  HRC  specified. 

At  the  time  these  results  were  obtained,  we  attempted  to  acquire  both  the 
Watervliet  Arsenal  and  vendor  heat  treat  records  to  verify  whether  this  material 
was  given  the  proper  thermal  heat  treatments.  This  oroved  futile,  as  there  were 
no  heat  treat  records  or  any  written  documentation  pertaining  to  this  oarticular 
mandrel  material.  Consequently,  we  were  unable  to  verify  whether  this  material 
was  processed  correctly  by  either  the  vendor  or  Watervliet  Arsenal. 
Microstructural  Evaluation 

The  results  of  our  microstructural  evaluation  are  shown  in  Figures  6a  and 
6b.  These  photomicrographs  reveal  a  homogeneous,  predominantly  martensitic 
structure  typical  of  maraging  steels.  In  addition,  the  coarse-grained 
appearance  of  the  microstructure  is  indicative  of  a  material  that  underwent  a 
solution  treatment  at  a  relatively  high  temperature  and/or  was  solution  treated 
for  a  long  period  of  time. 
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Experimental  Hgat  Treatments 


Experimental  heat  treatments  were  performed  on  this  material  in  an  attempt 
to  determine  its  thermal  history.  The  procedure  consisted  of  underaging,  oroo- 
erly  aging,  and  overaging  samples  of  this  material  at  temperatures  of  300®F, 
900*F,  and  1000®F,  respectively,  to  simulate  the  observed  microstructure  and 
resulting  hardness  of  the  as-received  mandrel.  Although  this  was  unsuccessful, 
we  were  able  to  obtain  the  required  hardness  of  49  HRC  for  the  specimen  which 
was  re-annealed  and  aged  at  900®F.  In  addition,  when  a  portion  of  the  as- 
received  material  was  aged  for  three  hours  at  900‘’F,  it  also  attained  the 
required  hardness  of  49  HRC.  However,  we  found  no  sources  that  could  verify 
that  the  proper  microstructure  of  either  specimen  was  also  attained. 
Microhardness  Measurement 

In  addition  to  Rockwell  hardness  testing,  Knoop  microhardness  measurements 
were  taken,  also  on  a  transverse  section  of  the  mandrel.  Results  in  the  40  to 
42  HRC  range  were  obtained,  thus  corroborating  earlier  findings  from  the 
Rockwell  tester. 

Mechanical  Property  Testing 

The  results  of  extensiye  mechanical  property  testing  are  shown  in  Table  II. 
The  material  was  found  to  be  primarily  isotropic,  with  the  exception  of  fracture 
toughness,  and  the  overall  results  obtained  were  far  below  minimum  requirements. 

All  mechanical  properties  in  the  longitudinal  direction,  with  the  exception 
of  elongation,  were  significantly  below  minimum  requirements.  The  yield 
strength  was  approximately  70  Ksi  below  the  required  value,  while  the  tensile 
strength  was  deficient  by  about  40  Ksi.  In  addition,  toughness  properties  were 
sharply  lower  than  expected,  impact  energy  results  were  at  half  the  specified 
value,  and  fracture  toughness  values  were  about  30  Ksi/in.  lower.  The  lowest 
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fracture  touahness  value  was  found  in  the  orientation  olane  where  the  crack  was 
located.  Once  aoain.  these  results  indicate  that  the  mechanical  orooertv  con¬ 
dition  of  this  mandrel  did  not  meet  soecified  reaui rements . 

Fatiaue  crack  orowth  studies  were  also  oerformed  utilizino  soecimens 


machined  from  the  failed  mandrel.  In  this  substandard  material,  it  was  aoDroxi- 
mated  that  a  crack  would  'nitiate  at  1750  cvcles  and  orooaaate  an  additional 
3625  cvcles  to  failure,  diving  an  overall  life  of  5375  cvcles.  These  data  are 
in  accordance  with  ASTM  test  method  E647-88a  on  "Measurement  of  Fatigue  rack 
Growth  Rates"  (ref  1).  These  results  are  remarkably  close  to  the  actual  failure 
rate  of  5061  cycles!  However,  the  life  expectancy  of  a  mandrel  fabricated  from 
standard  marage  250  steel  was  calculated  at  40,000  cycles.  This  indicates  that 
the  crack  was  initiating  and  propagating  at  a  significantly  faster  rate  than 
originally  predicted. 

X-Ray  Diffraction  Analysis 

X-ray  diffraction  techniques  were  used  to  determine  the  percentage  of  mar¬ 
tensite  versus  austenite  present  in  the  microstructure  of  the  mandrel.  The  our- 
pose  of  this  analysis  was  threefold.  First,  the  prasence  of  austenite  -in 
sufficient  quantities  would  facilitate  a  path  for  rapid  crack  propagation. 


Second,  it  would  also  explain  the  low  hardness  of  the  material.  Third,  this 


test  was  also  used  to  verify  microstructural  constituents  revealed  through 
metallography.  However,  diffraction  results  indicated  that  the  mandrel  material 
contained  a  fully  martensitic  structure  with  essentially  no  austenite  present. 
Scanning  Electron  Microscopy/Ene"qy  Dispersive  Spectroscopy 

Scanning  election  microscopy  (SEM)  was  used  to  characterize  the  fracture 
surface  of  the  mandrel.  The  most  prevalent  feature  discovered  throughout  the 
outer  two  rings,  R1  and  R2,  was  the  presence  of  fatigue  striations,  depicted  in 
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Figures  7a  through  7c.  In  contrast,  tha  center  region  of  the  fracture  surface 
displayed  rather  ductile  characteristics,  as  shown  in  Figure  7d. 

Figures  8a  and  8b  illustrate  one  of  the  niche-shaped  indications  and  the 
circumferential  crack.  This  indication  may  have  been  an  initiation  site  for  the 
primary  (fatigue)  crack.  Since  fatigue  was  present  in  substantial  amounts,  this 
crack  likely  propagated  to  critical  size  by  this  mechanism.  As  stated  earlier, 
two  secondary  cracks  were  found  propagating  at  45-degree  angles  to  both  the 
fatigue  crack  and  the  transverse  plane.  One  crack  was  opened  for  examination. 
Figures  9a  and  9b  depict  the  fracture  surface  and  the  intergranular  nature  of 
this  crack. 

Energy  dispersive  spectroscopy  (EDS)  was  conducted  on  the  metal lographic 
samples,  and  the  two  particle  types  that  were  analyzed  are  displayed  in  Figure 
10.  The  results  in  Figure  11  show  that  the  bright,  globular-shaped  particles 
are  titanium-rich,  common  to  managing  steels,  while  the  elongated  particles  are 
additionally  rich  in  molybdenum  as  illustrated  in  Figure  12. 

Figures  13a,  13b,  14a,  and  14b  reflect  the  SEM  investigation  of  tensile  and 
Charpy  test  bars,  respectively.  At  low  magnification,  the  tensile  test  bar 
appeared  to  have  a  coarse,  granular-type  appearance  in  the  fracture  region. 

Upon  closer  investigation,  the  fracture  mode  was  identified  as  microvoid 
coalescence,  characteristic  of  a  ductile  material,  as  was  the  Charoy  fractograoh 
shown  in  Figure  14a.  Figure  14b  depicts  a  magnified  region  of  a  Charpy  bar  that 
contained  several  titanium  particles.  These  particles  were  found  sparsely 
distributed  throughout  the  ductile  fracture  surface. 


7 


CONCLUSIONS 


Common  characteristics  of  fatique  including  concentric  rings,  ridges,  and  a 
relatively  flat,  shiny  aopearance  were  discovered  on  the  fracture  surface  of  the 
failed  mandrel.  A  circumferential  crack  located  near  the  finish-machined  sur¬ 
face  of  the  mandrel  was  also  found.  Also  apparent  in  this  area  were  two  niche¬ 
shaped  indications  that  may  have  been  the  crack  initiation  sites. 

Three  different  cracks  were  contained  in  the  subject  mandrel.  The  primarv 
crack  propagated  by  fatigue  and  the  secondary  cracks  were  attributed  to  a  com¬ 
bination  of  intergranular  and  fatigue  fracture  mechanisms. 

SEM  analysis  confirmed  fatigue  as  the  crack  propagation  mechanism  over  the 
outer  two  concentric  rings  on  the  fracture  surface,  while  the  inner  fast  frac¬ 
ture  region  showed  characteristics  of  ductile  rupture. 

A  fully  martensitic  structure,  showing  no  indications  of  reverted  or 
retained  austenite,  was  revealed  by  both  metal lographic  and  x-ray  diffraction 
techniques.  Also  discovered  was  the  presence  of  titanium  carbonitrides ,  Ti{C,N) 
precipitates,  which  result  from  the  age-hardening  process. 

Mechanical  property  test  results  revealed  values  far  below  minimum  soecifi- 
cations.  Substandard  hardness  and  strength  values  were  the  primary  material 
property  deficiencies  that  led  to  the  reduced  fatigue  life  of  this  mandrel. 

Since  there  were  no  receipt  records  of  this  material  from  the  vendor  or  any 
heat  treat  records,  there  was  no  viable  way  to  trace  the  processing  history  of 
this  steel.  Consequently,  it  was  not  possible  to  determine  the  exact  processing 
operation  that  caused  the  degradation  of  the  material  properties  of  this  marage 
250  steel  to  the  above  extremes. 
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RECOMMENDATIONS 


To  avoid  similar  problems  in  the  future  involving  fatigue  testing  mandrels 
with  deficient  mechanical  properties,  it  is  imperative  that  a  post-heat  treat¬ 
ment  hardness  check  be  instituted.  This  will  minimize  the  possibility  of 
improperly  processed  material  entering  service.  It  is  also  suggested  that  more 
accurate  receipt  and  material  processing  records  be  documented.  Furthermore,  we 
suggest  periodic  magnetic  particle  in-service  inspections  in  the  following 
order:  post-fabrication,  after  the  mandrel  has  been  in  service  for  3,000  cycles, 
and  subsequently  every  1,000  cycles.  The  mandrel  should  be  retired  at  the 
instant  cracking  is  exhibited  during  inspection. 
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TABLE  I.  CHEMICAL  ANALYSIS* 


Senet 

Required 

Nickel 

17.8 

17.0-19.0 

Cobalt 

8.3 

7. 0-8. 5 

Molybdenum 

4.7 

4. 6-5. 2 

T i tanium 

0.45 

0.3-0. 5 

Aluminum 

0.07 

0.05-0.15 

Carbon 

0.026 

0.03  Max 

Manganese 

0.008 

0.10  Max 

Si  1  icon 

0.110 

0.10  Max 

Phosphorus 

0.006 

0.01  Max 

Sulfur 

0.000 

0.01  Max 

Iron 

Bal 

Bal 

^Weight  percent 
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TABLE  II.  MECHANICAL  PROPERTY  ANALYSIS 


Benet 

Reauired 

Lonaitudinal 

Tranverse 

Longitudinal 

Transverse 

Yield  strength 

0.2  %  offset,  Ksi 

176-178 

176-177 

240  Min 

216  Min 

Ultimate  tensile 
strength,  Ksi 

197-198 

198 

- 

_ 

Elongation,  % 

7.9-13.8 

9.7-10.6 

6.0  Min 

5.4  Min 

Impact  toughness 
-40’F,  ft-lbs 

9 

10-26 

18  Min 

16.2  Min 

Fracture  toughness 
Kjc.  Ksi^Tn. 

67-75 

106 

100  Min 

90  Min 

^■'Qure  1.  bailed  fatigue  tes*.'’^g  Tiandre' , 
as-rece-ived  (sea'll  -in  nches). 
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Piaure  2a.  Photoaraoh  of  fracture  surface  showina 
concentric  rinas.  as-received. 


Fiaure  2b.  Crescent-shaoed  indication  and  ridaes  found 
on  fracture  surface,  as-received. 
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iaure  2c.  ^hotoaraoh  o*  fracture  surface  exh-iD-ir'ra  '"dees. 

wood  edios.  ana  crescent  and  crack  -i  nd’ cat  -  ers  . 
as-received . 


iaure  2d. 


Perimeter  of  fracture  surface  deoictmo  crack 
crescent,  and  notch  indications.  as-'*eceived. 
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aure  3a.  fracture  surface  of  fatiaue  testina  nandrel , 
oost-cleaned  condition. 


ioure  3b.  Photoaraoh  showina  indications  discovered 

on  fracture  surface,  oost-cleaned  condition 
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Figure  4b.  High  magnification  view  of  secondary  crack 
found  in  mandrel. 
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Fiqiire  5.  bchtfindtic  of  fav  iuiie  testing 
ihi,wiiii3  hjoation  t.)f  failure. 


Fiaure  6a.  Photonricroqraph  illustrating  transverse  view  of 
microstructure  of  as-received  manage  250  steel . 
Etchant  -  Fry’s  reagent  (200X). 


Figure  6b. 


High  magnification  view  showing  martensitic 
microstructure.  Etchant  -  Fry's  reagent  (lOOOX). 
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Fiqure  7d.  Ductile  ruoture  discovered  in  center  reaion  of 
fracture  surface.  Secondary  emission  (590X). 
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rnqure  Sa.  Fractoaraoh  showinq  secondarv  crack  and  larae 
indication.  Secondarv  emission  (19X). 


Figure  8b.  Large  indication  and  secondary  crack  discovered 
fracture  surface.  Backscatter  emission  (19X). 


Fiaure  9a.  Fractoqraoh  of  secondary  crack  showino  interaranular 
crackino.  Backscatter  emission  {360X). 


Fiqure  9b.  Fractoqraoh  of  secondary  crack  showinq  interoranular 
crackinq.  Secondary  emission  (480X). 
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'^iaure  10, 


SEM  microaraoh  showing  globular  and  elongated 
oarticles.  Backscatter  emission  (6C0X), 
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Fiaure  13a.  SEM  fractoqraoh  showinq  the  shear  lio  and  fracture 
reaion  of  lonqitudinal  tensile  test  bar.  Secondary 
emission  (17X1. 


Fiqure  13b.  SEM  fractoqraoh  deoictinq  ductile  aooearance  of 
lonqitudinal  tensile  test  bar.  Secondary 
emission  (49X). 
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Fiaure  14a.  SEM  fractoaraoh  illustratina  ductile  ruoture  discovered 
in  lonqitudinal  Charov  imoact  bar.  Secondary  emission 
(500X) . 


Figure  14b.  SEM  fractoqraph  showing  microvoid  coalescence  and 
titanium-rich  particles  found  in  longitudinal 
Charpv  impact  bar.  Secondary  emission  (2200X). 
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